The formulation of a comprehensive flamelet model to consider detailed chemical reaction mechanisms in the simulation of turbulent spray flames is a very challenging task due to the inherent multi-regime structure of spray flames. Non-premixed, premixed, and evaporation-controlled combustion regimes may be found in a single spray flame. Recently, attempts have been made to extend classical single regime flamelet models to more complex situations, where at least two combustion regimes coexist. The objective of this work is to develop a framework in which two-regime flamelet models can be described and combined in order to advance the development of a comprehensive flamelet model for turbulent spray flames. For this purpose, a set of spray flamelet equations in terms of the mixture fraction and a reaction progress variable is derived, which includes the evaporation, characterizing the spray flames, and which describes all combustion regimes appearing in spray flames. The two-regime and single regime flamelet equations available in the literature are retrieved from these multi-dimensional spray flamelet equations as special cases. The derived set of spray flamelet equations is then used to evaluate structures of laminar ethanol/air spray flames in the counterflow configuration in order to determine the significance of different combustion regimes. The present study concerns spray flames with no pre-vaporized liquid in the oxidizing gas phase, and it is found that only non-premixed and evaporation-controlled combustion regimes exist, so that premixed effects may be neglected. Moreover, an exact transport equation for the scalar dissipation rate is derived, which explicitly takes spray evaporation and detailed transport into account. This equation is then used to evaluate assumptions commonly adopted in the literature. The results show that the spatial variation of the mean molecular weight of the mixture may be neglected in the formulation of the mixture fraction, but it may be significant for its scalar dissipation rate. The assumption of unity Lewis number may lead to non-physical values of the scalar dissipation rate of the mixture fraction, whereas the use of a mass-averaged diffusion coefficient of the mixture is a good approximation for the spray flames under investigation.
Introduction
The simulation of turbulent spray flames is of vital importance for the development of more efficient combustion devices with reduced pollutant emission. In order to properly predict the characteristics of these flames, the consideration of detailed chemical reaction mechanisms in numerical simulations is essential. Flamelet models represent a very promising way of effectively including detailed chemistry. However, due to the inherent multi-regime nature of turbulent spray flames, the formulation of a comprehensive spray flamelet model is a challenging task since various combustion regimes need to be considered, namely nonpremixed, premixed, and evaporation-controlled combustion. Such a comprehensive flamelet model is currently not available. However, recently, attempts have been made to extend classical mono-regime gas flamelet formulations to more complex situations.
Holmann and Gutheil [1] and Gutheil [2] have extended the classical nonpremixed gas flamelet model to spray flames, where non-premixed and evaporation-controlled combustion take place simultaneously. This formulation consistently employs a spray flamelet library based on laminar counterflow spray structures, and it has been successfully used to simulate methanol/air and ethanol/air turbulent spray flames [1, 3, 4] . In the spray flamelet model used by Hollmann and Gutheil [1] , the laminar spray flame structure is computed in physical space [5, 2, 6] , and the mass fractions of relevant species then are transformed into mixture fraction space for inclusion in the turbulent spray code [3, 4] . This procedure is also followed by Franzelli et al. [7] . Recently, Olguin and Gutheil [8] derived a set of non-premixed spray flamelet equations, which are formulated in mixture fraction space, which is the procedure typically followed in gas combustion [9] . The new spray flamelet equations [8] also take evaporation effects into account, and they reduce to the classical gas non-premixed flamelet equations if evaporation does not occur.
Nguyen et al. [10] derived a set of two-dimensional flamelet equations for the description of partially premixed gas flames, where non-premixed and premixed combustion regimes coexist. This formulation employs the mixture fraction for the characterization of non-premixed effects and a reaction progress variable, defined as a linear combination of some reaction products including CO 2 , H 2 O and CO, for the characterization of premixed effects. However, the use of this definition requires to neglect the statistical dependence of the progress variable on mixture fraction in order to obtain the classical non-premixed gas flamelet equations [9] when pure non-premixed gas flames are considered. Several attempts have been made in order to define a reaction progress variable independent of the mixture fraction [11] [12] [13] . A very promising approach is based on a reaction progress parameter (RPP) [13] , where non-premixed flamelets are indexed, and the corresponding index is used as a variable. However, although the RPP approach solves the problems related with the statistical dependence of mixture fraction and the progress variable, it introduces numerical difficulties [14, 15] .
The main objective of the present study is to generate a common framework to the existing two-regime flamelet models in order to advance the formulation of a comprehensive spray flamelet model. For this purpose, a set of spray flamelet equations in terms of mixture fraction and a reaction progress variable is derived, which is suitable to include all combustion regimes appearing in spray flames. These equations comprise the two-dimensional gas flamelet equations of Knudsen and Pitsch [14, 15] if no spray is present, and they reduce to the spray flamelet equations of Olguin and Gutheil [8] if premixed effects may be neglected. Moreover, the negligence of premixed regimes in Hollmann and Gutheil's [1] study will be investigated. For this purpose, the multi-regime spray flamelet equations are evaluated for laminar ethanol/air spray flames in the counterflow configuration, and the relative importance of the terms associated with the different combustion regimes is investigated. Moreover, an exact transport equation of the scalar dissipation rate is derived, which considers detailed transport and explicitly takes spray evaporation into account. Although transport equations for the scalar dissipation rate have been derived and applied before for premixed [16] [17] [18] [19] , nonpremixed [20, 21] as well as for spray flames [22] , they have not been formally tested and evaluated for use in laminar spray flames.
In this paper, the exact formulations of the transport equations for mixture fraction and its scalar dissipation rate are derived and solved, and their predictive capability is analyzed. In particular, the pertinence of the assumptions of a spatial uniform mean molecular weight of the mixture and that of unity Lewis numbers are evaluated.
Mathematical model
In this section, the general governing equations for the gas and liquid phase are presented, where a Eulerian-Lagrangian approach is considered to describe the dilute spray flow. For the simulations, the characteristic variables are nondimensionalized, and the two-dimensional gas equations then are transformed into one-dimensional equations through a similarity transformation [23, 5, 6] . For the derivation of the transport equations of the mixture fraction and its scalar dissipation rate, the present formulation is written in general terms.
Gas phase
The conservation equations of mass, momentum, mass fractions of chemical species, and energy are written as
where the Einstein summation convention is used. In the above equations, and are the gas velocity in and directions, respectively, is the gas density, denotes the mass fraction of species , and , are the specific heat capacity at constant pressure of the mixture and of species , respectively, is the static pressure, ℎ is the enthalpy of species , is the dynamic gas viscosity, and denotes heat conductivity. , S , are sources of mass, momentum and energy, respec-tively, accounting for the exchange between the gas and liquid phases. is the Kronecker symbol, the subscript denotes fuel, anḋis the specific chemical reaction rate of species , = 1, . . ., .
is the diffusion coefficient of species in the mixture, is the mean molecular weight of the mixture, and is the thermal diffusion coefficient, which is considered for the light species H and H 2 .
Liquid phase
The spray is assumed to be dilute consisting of spherically symmetric droplets, and a Lagrangian approach is used to describe droplet evaporation, heating, and motion. Even though the present study concerns the injection of mono-disperse sprays, the occurrence of droplet reversal and droplet oscillation may lead to local poly-dispersity [5, 6, 2] . The droplet motion of a droplet size group, can be described by
where = 1, . . ., , and denotes the total number of different droplet size classes.
, is the drag coefficient, v k and u denote the droplet and gas velocity, respectively, is the instantaneous droplet radius, and
3 denotes the mass of a droplet with radius , and denotes the liquid density. Droplet evaporation is described through Abramzon and Sirignano's convective droplet evaporation model [24] 
wherėis the droplet mass vaporization rate of a droplet in size group , and the subscript refers to properties in the film around the droplets. Film properties are computed using the 1/3 rule [25] . The modified Sherwood number,Sh k accounts for convective droplet evaporation [24] . The Spalding transfer number, , for each droplet size group, , is , = ( s, − )/(1 − s, ), where is the mass fraction of the fuel vapor in the bulk of gas surrounding the droplet.
, denotes the fuel mass fraction at the droplet surface, which is given by
s is the mean molecular weight of the gas surrounding the droplet surface, and the fuel mole fraction at the surface of the droplets s, is
where is the vapor pressure at the droplet surface which is calculated employing the Clausius-Clapeyron equation [26] = 0 exp (
where 1 = 4827.53 K and 2 = 13.553 are used for ethanol [26] , and 0 is the atmospheric pressure. Droplet heating is described through the conduction limit model
Here, , is the temperature of the liquid, and denotes the radial coordinate of the droplet. Since the spray is dilute, droplet-droplet interaction is neglected. The equation for the droplet number density, , of each droplet size group, yields
where, , denotes the droplet velocity of size group in -direction. , is a source term to describe the change in droplet number density if a droplet reverses or oscillates. In this situation, droplets transfer from one droplet size group into a different one at the same position leading to local poly-dispersity of the spray [5] . The spray source terms for mass, momentum and energy, cf. (1)- (4), yield
wherė=̇
] is the energy transferred to the droplet. , denotes the Spalding heat transfer number, and is the temperature dependent latent heat of vaporization.
Derivation of spray flamelet equations
Flamelet equations for gas combustion in more than one dimension have been already proposed [10, 14] . In this section, the derivation of a set of multi-regime flamelet equations for spray flames, which is suitable to describe all combustion regimes found in spray flames, and which presents a common framework for several two-regime flamelet formulations existing in the literature [1, 8, 10, 14] , is presented. The starting point of the derivation is the transport equation of the mass fraction of chemical species, , cf. (3). Thermal diffusion is neglected in the present derivation, since it is only relevant for light species, H and H 2 . Following the derivation of Nguyen et al. [10] for gas flames, it is assumed that a set of independent variables exists, as well as a time-like variable , which constitute a proper coordinate system in which the spacial and temporal evolutions of any species mass fraction is described. With the introduction of these +1 variables, a change of coordinates of (3) 
in (3) results in
which represents an exact transformation of (3). However, the consideration of + 1 variables is not possible in practical cases, and a reduced set must be selected if (16) is to be evaluated. Equation (16) must reduce to the non-premixed flamelet equations [9] in the non-premixed limit, so that the mixture fraction is chosen as one of the coordinates. In this work, the following definition of the mixture fraction based on the chemical element carbon, C is employed without loss of generality
where C is the carbon mass fraction, is the total number of chemical species in the system, and C denotes the number of moles of carbon in species . C and denote the molecular weights of carbon and of species , respectively. In the remainder of the present work, the subscript C is omitted, and the mixture fraction is noted as .
Moreover, at least a second coordinate is required in order to characterize the premixed limit [10, 14, 15] . The definition of an adequate second variable for the description of the premixed combustion regime represents a major difficulty. Typically, a progress variable is employed, which is defined as the combination of mass fractions of major reaction products [27] [28] [29] [30] 10] . However, this definition statistically depends on the mixture fraction, preventing the calculation of the required partial derivatives [14, 31] . Recently, attempts have been made to define a progress variable, which is statistically independent of the mixture fraction [11] [12] [13] . A very promising approach is based on a reaction progress parameter (RPP) [13] , where non-premixed flamelets are indexed, and the corresponding index is used as independent variable. Knudsen and Pitsch [14, 15] used the RPP approach in order to derive a set of multi-regime gas flamelet equations in a twodimensional flamelet space. They indexed the flamelet, employing the value of the progress variable that occurs at stoichiometric mixture fraction on a given non-premixed flamelet. Although this definition solves the problems related with the statistical dependence of the mixture fraction and the progress variable, numerical difficulties are introduced [14, 15] . Because of these difficulties associated with the definition of an adequate progress variable, no exact definition is used in the present paper, and a general derivation is performed. Thus, it is assumed that a progress variable exists, which is statistically independent of the mixture fraction . Using and as independent coordinates, neglecting effects in other directions, the following two-dimensional formulation of (16) is derived
where the scalar dissipation rates, and , are defined as
Equation (18) describes the three main combustion regimes found in spray flames. Note that, provided an adequate definition of is formulated, these equations may be used to determine the locally dominant combustion regime in spray flames. In fact, the new formulation captures the two-dimensional flamelet equations proposed by Knudsen and Pitsch [14, 15] for gas flames, if evaporation does not occur and the additional assumptions are made [14, 15] including Fick's diffusion law and equal diffusion coefficient = for all species for equal definitions of . It is also important to note that under the above mentioned assumptions, (18) reduces to the spray flamelet equations presented by Olguin and Gutheil [8] , if premixed-like effects are neglected.
Even though no adequate definition of is currently available for spray flames, (18) can be indirectly used to evaluate the relative importance of different combustion regimes under various condition. In particular, changes across are negligible in flames where only non-premixed and evaporation effects are relevant and thus, in those situations, the flame structure is one-dimensional depending on the mixture fraction , and (18) may be rewritten to yield
A comparison of the steady forms of (20) and (3) shows that =
must be satisfied, where
and = 2 (
if no premixed effects exist. Equations (22) and (23) present the terms in the physical and mixture fraction space, respectively. Hollmann and Gutheil [1] neglected premixed-like effects in laminar spray flames if all fuel is injected in liquid form, and this assumption will be tested in the results' section by means of the evaluation of these equations.
Derivation of an exact transport equation for the scalar dissipation rate of the mixture fraction
In this section, an exact transport equation for the scalar dissipation rate, of the mixture fraction is derived. Multiplication of (3) with / and summation over = 1, . . ., yields
Using the assumption of equal molecular diffusion coefficients = , this equation is rewritten as
Application of the operator to each term in (25) results in
where term V describes the effects of evaporation, and terms I, II, III and IV may be simplified as follows, cf. (19) . Term I is rearranged using the product law as well as (19) , to yield
Similarly, term II in (26) is rearranged as
The third term, III, is expressed as
and term IV is written as
Insertion of (27)- (30) into (26), after rearranging terms, yields
The terms , and , appearing in (31) account for sources stemming from the gas and the liquid phase, respectively, and the last term, , accounts for variations of the mean molecular weight of the gas mixture. They yield
and
Equations (25) and (31) are derived using the assumption of equal diffusion coefficients for all species. If a uniform molecular weight of the mixture is assumed, the terms including / vanish, and the transport equations of and may be written as
For simplicity, in the remainder of this paper, the scalar dissipation rate of the mixture fraction, will be noted as .
In the results' section, the following evaluation of (35) and (36) will be made. On the one hand, all species transport equations, (3), will be solved, and the definition of the mixture fraction and its scalar dissipation rate will be evaluated as defined in (17) and (19) . The result of this procedure will be compared with the direct solution of (35) and (36). For this purpose, the diffusion coefficient, , appearing in the latter equations, must be determined, which can be done either through use of the average diffusion coefficient of the mixture, i.e. = ∑ =1
, or with the assumption of Lewis number of unity, leading to = /( ).
For the purpose of evaluating the above equations, numerical simulations of ethanol/air spray flames in the counterflow configuration are performed and analyzed [5, 6, 2] , where a detailed chemical reaction mechanism for ethanol/air at atmospheric pressure is used [32, 6] .
Results and discussion
Structures of laminar spray flames in the counterflow configuration are presented and discussed, where mono-disperse ethanol spray with carrier gas air is directed against an opposed air flow at atmospheric pressure. Droplet reversal and oscillation occur at some conditions [5, 6, 2] , leading to local poly-dispersity of the spray. The spray is assumed to be dilute, and droplets are spherically symmetric. In all cases, the initial liquid and gas temperatures are 300 K, and the initial gas and droplet velocities are = 0 = 0.44 m/s. Four different combinations of spraysided strain rates, , equivalence ratio, , and initial droplet radius, 0 , are considered. In particular, the situation at = 55/s, = 1, and 0 = 25 μm is taken as reference condition, and then one of the parameters is modified to study their influence on the spray flame structure. The results were generated using an existing spray flame code [5, 6, 2] with appropriate modifications.
The left part of Figure 1 shows the outer spray flame structure for the reference conditions, whereas the right part shows the corresponding outer spray flame structure when the strain rate is increased to 950/s, which is close to extinction occurring at 1.035/s [8] . The structures presented in Figure 1 have been investigated with respect to the relative importance of the effects of evaporation in mixture fraction space in a previous study [8] . Figure 2 (left) shows the outer flame structure for an increased initial droplet radius of 120 μm. These conditions are close to extinction, occuring for 0 = 128 μm [33] , which is due to the increased droplet evaporation, leading to flame extinction not due to flame strain but due to reduced flame temperatures caused by enhanced spray evaporation. Finally, the right part of Figure 2 shows the corresponding structure for the reference case and an increase of the stoichiometric equivalence ratio to = 3.
In the reference flame, droplets evaporate before they reach the stagnation plane located at the axial position = 0 mm. Two reaction zones appear in this situation [5, 6, 2] , and they are separated by a region of reduced gas temperature, which is due to the energy of the gas phase that is needed for spray evaporation. For the increased strain rate situation (right part of Figure 1 ), the two reaction zones observed for low strain rate merge [6, 2] , and a single reaction zone is found.
At these conditions, the droplets cross the stagnation plane, and they are then decelerated by the opposed air stream, leading to droplet oscillation around the stagnation plane, generating local poly-dispersity of the spray [5, 6, 2, 8] .
In the situation with increased initial droplet radius (left part of Figure 2 ), the very large droplets cause slow evaporation due to the retarded droplet heating process [34] , and the droplets penetrate the spray flame and exit the reaction zone towards the gas side of the configuration, so that reversal in the colder flame region on the gas side of the configuration occurs, eventually leading to droplet oscillation. For even larger droplets of initial radius of 128 μm [33] , the spray flame extinguishes due to the large amount of energy needed for droplet heating, so that spray flame extinction occurs caused by the presence of the spray and not by elevated strain, which is the typical reason for (gas) flames to extinguish. For the large droplet size, the spray flame widens and moves towards the air side of the spray because of the increased momentum of large droplets.
Finally, in the situation with increased equivalence ratio (right part of Figure 2) , all droplets evaporate before reaching the stagnation plane, and a monodisperse spray prevails throughout the computational domain. Similarly to the reference case, two reaction zones are found for the fuel-rich case under consideration. However, due to the increased equivalence ratio, the energy required for droplet evaporation is much higher than in the reference case and therefore, the minimum temperature between the reaction zones is much lower reaching a value of 1.063 K, which may be compared to 1752 K for the reference case. The spray flame at fuel-rich conditions widens up considerably, but the position of about -1 mm where droplets completely evaporate, remains the same in both situations, and no droplet reversal occurs.
In the following subsection, an evaluation of the dominating combustion regimes for the four cases presented will be carried out.
Evaluation of spray flamelet equations
In this subsection, an analysis of the different combustion regimes found in the spray flame structures presented above is carried out. For this purpose, a comparison of the terms and , cf. (22) and (23), is presented for representative chemical species. For each condition presented in the previous section, the chemical species ethanol (evaporating fuel), oxygen (reactant), and the two reaction products, CO 2 and H 2 O, are investigated. Figures 3-10 show the evaluation of the spray flamelet equations for the four different situations under investigation in terms of and , cf. (22) and (23), for the relevant species. Additionally, profiles of evaporation rate, and of the specific chemical reaction rate,̇are presented. For the present spray flames with pure air on either side of the configuration, the mixture fraction varies from zero to a maximum value, and then it falls to zero again at the air side of the configuration. At the location of the maximum value of the mixture fraction / = 0, and the one-dimensional transformation breaks down. However, this occurs only in a single point of the computational domain and therefore, it is not relevant for the global performance of the flamelet equations evaluated in this paper.
The left part of Figure 3 displays the profiles oḟ, , , and for ethanol at the reference conditions ( = 55/s, = 1 and 0 = 25 μm). The profile of the evaporation rate peaks at the axial position of about -1 mm, where all droplets evaporate, causing a local maximum of the evaporation rate and a local minimum of the specific reaction rate of fuel vapor caused by the accumulation of fuel vapor in this relatively high temperature regime of the spray flame. The profiles of both the evaporation rate and the specific reaction rate attain relatively high absolute values over the entire range of the spray flame, where both evaporation and combustion occur simultaneously. Since ethanol is an evaporating species, the chemical source term is mainly balanced by the evaporation term alone, and only a small contribution of the transformed terms is found. However, the terms and balance, which means that a one-dimensional flamelet transformation based on the mixture fraction performs very well and thus, premixed-like effects are not relevant for the profiles of ethanol vapor under these conditions.
The right part of Figure 3 shows corresponding profiles of and for O 2 . Oxygen is not an evaporating species, so that convective and diffusive effects play the important role in balancing the chemical source terṁ, cf. (20) , replacing the role of the evaporation rate for the fuel vapor. The figure shows that the transformed terms in mixture fraction space are equivalent to those in physical space over the entire computational domain. The corresponding profiles for CO 2 and H 2 O are shown in Figure 4 . A comparison of these profiles with those of oxygen reveals that the terms are largely the same as for oxygen, except for that they are negative since CO 2 and H 2 O are reaction products, whereas O 2 is a reactant.
Figures 5 and 6 display the evaluation of and for the high strain rate situation (Figure 1, right part) . At these conditions, the evaporation rate profile presents three different peak values, which are associated with the droplet evaporation. The outer two peaks coincide with the positions of droplet reversal, and the intermediate peak resides at the stagnation plane, where droplet oscillation terminates and the remaining droplets completely evaporate. These positions are associated with a high local droplet concentration due to the reduced velocity and the long residence time of the droplets at these positions. Concerning the profiles of and , the results are qualitatively the same as for the reference situation, which shows that the one-dimensional description of counterflow spray flames is also valid at high strain rate prior to extinction.
The corresponding profiles of and for the situation with increased initial droplet size are displayed in Figures 7 and 8 . Here, the evaporation has a similar profile as in the situation with an increased strain rate, even though an extra peak can be found in the large droplet situation due to the existence of an additional droplet reversal point very near to the stagnation plane (see the left part of Figure 2 ). Although evaporation profiles are qualitatively similar, it is important to note that the width of the reaction zone is considerably different as discussed above. In summary, it can be stated that under these conditions, the terms and are also equivalent. Finally, Figures 9 and 10 show the corresponding evaluation for a situation with an increased equivalence ratio of 3. At this condition, two pronounced reaction zones are generated, separated by a region of low temperature caused by droplet evaporation. Although this structure seems very similar to the one for the reference case, big qualitatively differences exist in the region of reduced temperature where a high accumulation of fuel vapor is observed. This accumulation is caused by the retardation of chemical reactions due to the low gas temperature. The results obtained for this condition also show the equivalence between and and thus, in summary, it is found that evaporation-controlled combustion regimes in mono-disperse axisymmetric ethanol/air counterflow spray flames can, in general, be properly described by a set of one-dimensional spray flamelet equations in the mixture fraction space. This finding formally confirms the validity of the use of counterflow diffusion spray flames as the basic flamelet structure composing turbulent spray flames when non-premixed and evaporation controlled combustion regime coexist.
Evaluation of the transport equation for the scalar dissipation rate of the mixture fraction
The simplified transport equations (called 'transported') of the mixture fraction, and its scalar dissipation rate, , see (35) and (36) are solved for the low and high strain rate situations presented in Figure 1 definitions, see (17) and (19) , are used to determine the values of and (entitled 'exact'). Figure 11 shows profiles of the exact and the transported mixture fraction, , and scalar dissipation rate, , for = 55/s, where in the left part of the figure, Le = 1, i.e. = /( ) is used, and in the right part, the mean average diffusion coefficient, , of the mixture is used in both evaluations. The figure shows that the choice of evaluation the diffusion coefficient hardly affects the exact solutions, the profiles are almost the same. A comparison of the profiles of the mixture fraction reviews that the differences between both formulations is negligible if the average diffusion coefficient is used, and the assumption of Le = 1 results in somewhat higher values for the transported . A comparison of the profiles of the scalar dissipation rate using the average diffusion coefficient or the unity Lewis number assumption, reveals that the differences are bigger compared to the mixture fraction, since the gradient of the mixture fraction is involved in the definition of the scalar dissipation rate, cf. (19) , leading to a higher sensitivity of the scalar dissipation rate compared to the mixture fraction. Use of the assumption of Le = 1 results in somewhat lower values of . In general, it can be stated that the mass averaged diffusion coefficient performs slightly better than that employing the assumption of unity Lewis number for low strain. This is especially true for the profile of the scalar dissipation rate, since the assumption of unity Lewis number tends to under-predict the peak value of the scalar dissipation rate located at the right hand side of the counterflow configuration. Moreover, it is important to note that the negligence of the influence of variable mean molecular weight seems to be very small, in particular, when the mass averaged diffusion coefficient is employed. However, considering the differences in the profiles of the scalar dissipation rate, it remains unclear, how much of the discrepancies between the profiles are attributable to the neglected terms associated with changes in the mean molecular weight of the mixture and how much should be attributed to the approximations made for the diffusion coefficient. Figure 12 shows corresponding profiles of and at high strain, = 950/s. Although the results are qualitatively similar to the ones obtained for the low strain rate situation, the assumption of unity Lewis number leads to unphysical results for the scalar dissipation rate , predicting a negative value for this variable near to the stagnation plane ( = 0 mm). These results show the superiority of the mass averaged diffusion coefficient over the assumption of unity Lewis number for high strain rate.
Conclusions
A set of multi-dimensional flamelet equations is derived, which describes all regimes, i.e. evaporation-controlled, premixed and non-premixed combustion, found in laminar spray flames. This set of equations provides a common framework for several two-regime and mono-regime flamelet models available in the literature. A numerical analysis of mono-disperse ethanol/air spray flame structures at different conditions reveals that premixed effects in those flames are very small, which confirms the implicit assumption made by Hollmann and Gutheil [1] in the derivation of the non-premixed spray flamelet model [1, 2] . Moreover, exact transport equations for the mixture fraction and its scalar dissipation rate are derived and solved. The results are compared with the exact value of these variables in order to evaluate the validity of the assumptions of uniform mean molecular weight of the mixture as well as the assumption of Lewis number of unity. The spatial variation of the mean molecular weight may be neglected, whereas the unity Lewis number leads to unphysical results.
The transport equations of the mixture fraction, (35) and its the scalar dissipation rate, (36) provide an excellent base for future studies using the spray flamelet model for turbulent spray combustion.
uate School of Mathematical and Computational Methods for the Sciences "MathComp" of IWR is gratefully acknowledged.
